ABSTRACT. Although the mechanisms underlying the inhibitory effects of chronic renal insufficiency on growth are poorly understood, large doses of growth hormone (GH) have been used to improve growth. The present study examines the effects of rat G H and a reduced (8%) protein diet on 75% nephrectomized weanling rats by measuring changes in growth parameters, food utilization, serum albumin concentration, and muscle water content. Significantly greater improvement in growth was found in the GH-treated uremic rats compared with the uremic controls. The mean percent change in wt, length (nose to tail tip), and cranial biparietal diameter was significantly increased in the GH-treated uremic rats, compared with the uremic controls, but foot length and femur length showed only moderate improvement. Food utilization efficiency and serum albumin concentration were significantly higher in GH-treated uremic rats compared with uremic controls, achieving levels that were not different from sham-operated rats. Muscle water content was not significantly different between GH-treated uremic rats, uremic controls, and sham-operated rats. Thus, rat G H treatment administered a t an early age in mild renal insufficiency significantly improved overall growth, food efficiency, and serum albumin concentrations, despite a low protein diet, suggesting that further evaluation of this form of therapy for growth failure of uremia is warranted. (Pediatr Res 26:204-207, 1989) Abbreviations GH, growth hormone U, uremic control group U + GH, uremic rats treated with growth hormone Growth failure is a major complication of chronic renal insufficiency in children. Adult stature is usually far below that expected for a child's genetic potential, even with adequate dialysis, treatment of acidosis, administration of phosphate binders, nutritional counseling, and supplemental vitamin D ( 1 , 2). Similar findings have been noted in other animal models of chronic renal insufficiency (3) (4) (5) . Disturbances in the growth hormone/somatomedin system have been implicated in the etiology of the reduced growth rates of children with renal insuffi- Received February 6, 1989; accepted May 8, 1989. Correspondence Dr. James C. M. Chan, Medical College of Virginia, 1101 E. Marshall St., Richmond, VA 23219.
ABSTRACT. Although the mechanisms underlying the inhibitory effects of chronic renal insufficiency on growth are poorly understood, large doses of growth hormone (GH) have been used to improve growth. The present study examines the effects of rat G H and a reduced (8%) protein diet on 75% nephrectomized weanling rats by measuring changes in growth parameters, food utilization, serum albumin concentration, and muscle water content. Significantly greater improvement in growth was found in the GH-treated uremic rats compared with the uremic controls. The mean percent change in wt, length (nose to tail tip), and cranial biparietal diameter was significantly increased in the GH-treated uremic rats, compared with the uremic controls, but foot length and femur length showed only moderate improvement. Food utilization efficiency and serum albumin concentration were significantly higher in GH-treated uremic rats compared with uremic controls, achieving levels that were not different from sham-operated rats. Muscle water content was not significantly different between GH-treated uremic rats, uremic controls, and sham-operated rats. Thus, rat G H treatment administered a t an early age in mild renal insufficiency significantly improved overall growth, food efficiency, and serum albumin concentrations, despite a low protein diet, suggesting that further evaluation of this form of therapy for growth failure of uremia is warranted. (Pediatr Res 26:204-207, 1989) Abbreviations GH, growth hormone U, uremic control group U + GH, uremic rats treated with growth hormone Growth failure is a major complication of chronic renal insufficiency in children. Adult stature is usually far below that expected for a child's genetic potential, even with adequate dialysis, treatment of acidosis, administration of phosphate binders, nutritional counseling, and supplemental vitamin D ( 1 , 2) . Similar findings have been noted in other animal models of chronic renal insufficiency (3) (4) (5) . Disturbances in the growth hormone/somatomedin system have been implicated in the etiology of the reduced growth rates of children with renal insuffi-ciency (6, 7 ) ; however, the mechanisms remain unclear. The recent availability of large quantities of recombinant human growth hormone (8) may open new avenues for the treatment of growth retardation in uremic children. Preliminary data suggest that large doses of recombinant growth hormone can improve growth in uremic children (9) .
Large doses of heterologous growth hormone have been used to overcome the inhibitory effect of uremia on growth in fivesixths nephrectomized rats fed 22-24% protein diets (10, 1 1 ) . With respect to the current concerns regarding the role of high protein intake in the progression of renal damage, the present study was designed to examine the effects of parenteral rat G H in rapidly growing weanling rats with mild chronic renal insufficiency fed a diet containing 8% protein, 0.8% DL-methionine, 0.6% calcium, and 0.6% phosphorus. The low protein diet was chosen with the aim of increasing survival of the uremic rats by minimizing the damaging effects on the remnant kidney of standard diets containing 22-24% protein. The effects of G H treatment under this dietary constraint were examined by measuring growth, renal function, food utilization, serum albumin, and muscle water content.
MATERIALS AND METHODS
The rat G H used in this study was supplied by the National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD (Rat GH-B-10, AFP-8570C). Rat food was purchased from United States Biochemical Corporation, Cleveland, OH, containing 8% protein, 0.8% DL-methionine, 0.6% calcium, and 0.6% phosphorus. Weanling male Sprague-Dawley rats, 23 d of age, were purchased from Charles River Laboratory Inc., Raleigh, NC.
Experimental protocol and measurements. The experimental protocol was approved by Virginia Commonwealth University's Institutional Animal Care and Use Committee. The rats were received at 23 d of age, and at 26 d of age, they underwent a one-stage right nephrectomy and left heminephrectomy under anesthesia with 50 mg/kg of pentobarbital. Sham-operated rats ( n = 12) underwent identical surgical procedure, without nephrectomies, but including decapsulation of both kidneys. After a recovery period of 72 h during which the experimental diet was supplied, the uremic rats were randomly assigned to a U group ( n = 18), and a U + G H group ( n = 10). All linear measurements were carried out under anesthesia by the same investigator (G.K.) using vernier calipers. Linear parameters measured at 26 and 49 d of age were nose to tail tip length, foot length, and biparietal diameter. The wt of the rats and the amount of food consumed was determined using an electronic balance every other morning. The 24-h nonfasting urines were collected in Nalgene all-plastic metabolic cages (Sybron Corp., Rochester, NY) on the day before death. At age 49 d, while under anesthesia, the rats were exsanguinated by cardiac puncture. An anterior tibialis muscle was removed and weighed before and after desiccation for 16 h at 120°C to determine muscle water content. Growth data are expressed as percent gain using the following formula: % gain = [(measurement at death -measurement at nephrectomy)/measurement at nephrectomy] x 100.
Food utilization is expressed as percent food efficiency determined from the wt of the food consumed divided by the wt gained. The average food intake1100 g body wt was calculated by dividing the food consumed by the mean wt of the animal during the experimental period. Urine and serum creatinine concentrations were determined using a Beckman Creatinine Analyzer I1 (Beckman Instruments, Inc., Brea, CA). Creatinine clearance was determined from the 24-h urine creatinine and the serum creatinine collected at death. Serum albumin was determined by photometric means using an Albumin Test Kit (Smith Kline Diagnostics, Sunnyvale, CA) with a Serometer model 370 filter photometer.
Femur lengths, nose to tail tip lengths, and wt from 30 additional rats killed at 26 d of age were used to derive the regression formula: femur length = 0.39 + 0.0514NT + 0.0035WT (r = 0.90, p = 0.000 1). Using this formula, an estimated femur length at the start of the treatment period could be calculated for each rat in the experiment. The femur length at sacrifice minus the estimated length for d 26 was used to calculate the percentage increase in femur length.
Statistical analysis. All data are expressed as the mean f SEM.
Statistical analysis was performed using Tukey's Studentized range test at a of 0.05 for multiple group comparisons, Student's t test for two group comparisons, and Hotelling's T2 test for vector comparisons on SAS statistical program package, version 5 (SAS Institute, Inc., Cary, NC).
RESULTS
Effects of 75% nephrectomy on growth. Reduction of 75% in renal mass led to a significant fall in creatinine clearance (Table  I) . Mean creatinine clearance f SEM in the sham group was 0.79 f 0.09 mL/min/100 g body wt, compared with 0.37 f 0.01 mL/min/100 g body wt in the U group, and 0.37 f 0.03 mL/ min/100 g body wt in the U + GH group. No significant difference was detected in the creatinine clearance between the U group and the U + GH group (Table 1) . In each of the uremic groups, only one rat died during the treatment period, and these two rats were excluded from the study.
Uremic animals treated with the rat GH had a significantly larger percent mean wt gain of 5 1.5 f 5.0%, compared with 35.8 f 2.8% in the U group ( p < 0.01); the percent increase in nose to tail tip length was also significantly increased from 23.0 f 1.4% in the U group to 30.3 + 2.1% in the U + GH group ( p < 0.01). The difference in percent increase in biparietal diameter was also significant at 2.9 f 0.5% in the U group compared with 5.1 f 1.1 % in the U + GH group ( p < 0.05). The difference in percent increase in foot length was not as marked: 11.6 k 0.6% in the U group compared with 13.5 + 0.8% in the U + GH group (p < 0.07) ( Table 2 ).
The estimated mean f SEM of femur length removed from 30 rats at 26 d of age was 2.1 1 f 0.01 cm. The mean femur length f SEM at death was 2.54 + 0.02 cm in the U group and 2.6 1 f 0.04 cm in the U + GH group. The mean + SEM percent increase in femur length at death, determined from the estimated initial femur length, of U + GH rats was 30.7 f 1.1 %, and did not differ significantly from 27.9 f 1.3% in the U group ( p < 0.1 7) ( Table 2) .
Growth may be defined as an increase in all measurements. Therefore, a comparison of all of the above measurements taken together can be used to assess the overall effects of G H treatment in rats with renal insufficiency. Such an analysis can be made by expressing the change in each parameter as a vector, making it possible to compare increase in growth between several groups of rats. The U + GH rats were significantly larger overall than the U rats, when the combined vectors of percent increase in wt, percent increase in nose to tail tip length, percent increase in foot length, and percent increase in biparietal diameter were compared by Hotelling's T2 test ( p < 0.05).
Effects of 75% nephrectomy and GH on food utilization. The mean f SEM percent food efficiency of the U group was 18.5 f 0.9%. This was significantly lower than the 23.2 f 1.0% food efficiency of the sham-operated group, and 23.1 f 1.7% in the U + GH a group. The average food intake per 100 g body wt per day (Table 1) Serum albumin changes and muscle water content. The serum albumin was significantly less in the U group (1.9 f 0.1 g/dL)
compared with the U + GH group (2.3 f 0.1 g/dL) and sham group (2.3 + 0.1 g/dL). There was no significant difference in muscle water content between the U, U + GH, and sham animals ( Table 1) .
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DISCUSSION
Our data suggest that rat GH in large doses, given subcutaneously by daily injections, confers a beneficial effect on various growth parameters in rats with mild renal insufficiency, even under the constraint of a reduced protein diet. The effect on wt gain and vertebral growth appears to be more pronounced than on growth of long bones, because nose to tail tip length increased more than femur length. The percentage increase in foot length, which measures combined cancellous and long bone growth, was not significantly increased in the U + GH group compared with the U group, possibly reflecting less effect on metatarsal growth.
The biparietal diameter of U + G H group was significantly increased compared to the U group. It is unclear at the moment whether this finding is secondary to increased brain growth, and additional studies are needed.
We chose the 75% one-stage nephrectomy rat model, rather than the five-sixths nephrectomy model used by Mehls et al. (10) and Powell et al. (I I), which causes severe chronic renal failure, because our study was designed to evaluate the effects of mild renal insufficiency on growth, and thereby to mimic the problems in pediatric patients with moderate renal insufficiency (12) . Finally, although survival in the one-stage nephrectomy procedure is more tenuous in weanling rats, we chose this model rather than the two-stage procedure used by others (10, 1 1) to allow the experimental phase to begin at a younger age. The faster growth rate in weanling rats allows a more critical evaluation of the changes in growth variables caused by uremia in combination with GH therapy.
The 8% protein diet containing 0.6% calcium and 0.6% phosphorus in our protocol was designed to reduce morbidity and improve survival of the uremic animals. Diets with higher protein content used by previous investigators (10, 11) worsen uremic symptoms in the rat. These diets also have been shown to be associated with progressive glomerular damage and sclerosis, and with reduced survival (4, 5, 13) . The role of high phosphorus intake in hastening the progression of renal insufficiency is less well defined. However. it amears that a reduction in the dietary , --phosphorus intake, together with a balanced calcium:phosphoru~ content can reduce the risk of progression of renal insufficiency (14) . With reference to food utilization, our data revealed a lower food efficiency in the U group. By contrast, in the U+ GH rats, food efficiency increased to the point that it was not different from sham-operated rats (Table 1) . There was no difference in food intake between the U group, U + GH group and shamoperated rats in this study. This contrasts with the data of Powell et al. (1 I) , who found that a d libitum-fed sham-operated rats ate significantly more of a high (24%) protein diet than rats with a five-sixths nephrectomy. This difference may be due to the milder uremia in our rats compared to the rats in the study by Powell et al. (I I). Our data also suggest that the improvement in food efficiency, observed in uremic rats treated with growth hormone, is not due to increased appetite and confirm the recent observations of Mehls et al. (10) .
The improvement in food efficiency in the U + GH group may not necessarily indicate an increase in tissue mass accumulation for each gram of food consumed. Growth hormone can increase fluid retention, and this would lead to increased wt gain and an apparent increase in food eficiency. However, this group had a normal serum albumin concentration, which is inconsistent with marked extracellular fluid retention. Muscle water content, which accounts for a significant proportion of total body water, was the same in all three groups. Therefore, the increase in food efficiency in the uremic rats given growth hormone likely represents a greater increase in tissue accumulation for each gram of food consumed when compared to uremic animals.
The kidneys are the major site of catabolism of growth hormone (1 5). It is not unexpected, therefore, that in renal insuficiency, serum GH concentrations are normal or high (16) (17) (18) .
Thus, GH deficiency is not the cause of the reduced growth rates in children with chronic renal insufficiency. Serum somatomedin concentrations in uremia have been reported to be spuriously high or low, depending on the method of analysis. Using radioreceptor or RIA, relatively normal to high somatomedin concentrations were found in children and adults with chronic renal insufficiency (1 7-20) .
Powell et al. (21) have recently demonstrated that a compound, probably unsaturated carrier protein, interferes with the measurement of somatomedins in uremic serum. Removal of this compound by acid-chromatography resulted in normal somatomedin concentrations in uremic adult patients. Using biologic assay methods that measure the incorporation of sulfate into cartilage, decreased somatomedin activity was found in uremic children, which correlated with the reduction in glomerular filtration rate (22) . Phillips et al. (23) have shown that acidchromatography of serum before use in a bioassay system led to normal incorporation of sulfate into cartilage, indicating that there must be circulating factors or inhibitors that interfere with the GH/somatomedin axis in uremia. Our data support continuing efforts to overcome this inhibition by the use of large doses of exogenous growth hormone.
The 75% nephrectomized weanling rat model allowed us to observe the effects of rat GH in rapidly growing rodents, before and through puberty. We were able to demonstrate that G H therapy in mild uremia was growth-enhancing, despite a low protein diet. Further experiments involving larger numbers of animals and over a longer experimental period are still needed to clarify whether GH therapy in renal insufficiency improves the growth of long bones and whether the increased growth rate can be sustained.
